
https://doi.org/10.1177/1176934320938391

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial  
4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without 

further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Evolutionary Bioinformatics
Volume 17: 1–6
© The Author(s) 2021
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1177/1176934320938391

Introduction
Antibiotics have been used to treat bacterial infections for 
almost a century since the discovery of penicillin in 1928 by 
Alexander Fleming. The commercialization of penicillin in 
1944 lowered the mortality statistics for those who have con-
tracted bacterial infections. Over the years, diverse groups of 
antibiotics from different sources have been discovered, charac-
terized, and applied in a clinical setting to offset antibiotic 
resistance. However, newer resistance mechanisms have con-
sistently emerged almost in tandem with the discovery of a 
novel antimicrobial. In recent years, the rate of novel antimi-
crobial discovery has substantially decreased. This decline can 
be attributed to the failure of current antibiotic discovery plat-
forms in discovering novel high-efficacy antibiotics.1 Apart 
from this, new antibiotics are subjected to a complicated assess-
ment of their overall toxicity and side effects, ranging from 
cell-line to animal studies and resulting in human clinical tri-
als; all of these without the commercialization process. The 
combination of high investments, relatively short effective 
duration (due to resistance) and relatively low price compared 
to other drugs has made the development of antibiotics unap-
pealing for the pharmaceutical industry.2

Over the years, studies have been performed on plant sec-
ondary metabolites such as essential oils in the hope of discov-
ering an alternative that can alleviate the current challenge of 
antibiotic resistance.3-6 Essential oil is a concentrated plant 
secondary metabolite composed of a mixture of chemical 

compounds ranging from terpenes and terpenoids to aromatic 
compounds that gives fragrance to a plant. Numerous studies 
have established the antimicrobial potential of essential oils 
against bacteria, fungi, and viruses.4,6-8 Most essential oils have 
been found to produce antibiotic effects by acting on the bacte-
rial membrane and the efflux system.9-11 However, specific 
mechanisms for disrupting the bacterial membrane and inhib-
iting efflux remain largely inconclusive.

This review paper consolidates past and present knowledge 
on essential oil research with an emphasis on antimicrobial 
activity, in addition to reviewing existing approaches for inves-
tigating the mode of action of essential oils. This will be fol-
lowed by a discussion on the latest approaches for bridging the 
missing piece of previous research. The limitations of essential 
oil research and prospects will also be discussed.

Past Essential Oil Studies
Antimicrobial activity

Over the years, researchers have demonstrated the antimicrobial 
activity of various essential oils against a wide range of microor-
ganisms. Most essential oils studied are derived from plants that 
are commonly used in our daily lives, such as those used in the 
aromatherapy, food and beverage industries, and cosmetics 
industries. Examples include lavender, eucalyptus, thyme, pep-
permint, and cinnamon bark essential oils. The antimicrobial 
potency of various essential oils is the main determinant of their 
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potential use in clinical applications. Some of the major antibac-
terial, antifungal, and antiviral potentials of essential oils have 
therefore been collected in the sections below.

Antibacterial activity. The Kirby Bauer and broth microdilu-
tion assays are two of the most common methods used to eval-
uate the minimum inhibitory activity of essential oils. The 
Kirby Bauer assay uses disks infused with a known amount of 
potential antimicrobial to detect the bacterial susceptibility by 
measuring the inhibition zone produced. Broth microdilution, 
on the other hand, infuses varying concentrations of potential 
antimicrobial in the microculture while detecting the bacterial 
viability using resazurin, allowing a minimum inhibitory con-
centration (MIC) to be determined.9,11 The following section 
summarizes a few recent examples of essential oils and their 
antibacterial activity.

The lavender essential oil has been screened for their anti-
bacterial use by numerous research groups; results indicate that 
lavender-based essential oil is bioactive against a wide range of 
bacteria.5,11,12 Yang et al5 demonstrated the antibacterial activ-
ity of lavender essential oil against clinically-relevant strains of 
Klebsiella pneumoniae with a MIC of 10% (v/v). Another study 
by Hossain et al12 showed that lavender oil is bactericidal 
against pet turtle-isolated pathogenic bacteria, including 
Aeromonas spp, Citrobacter freundii, Proteus mirabilis, Salmonella 
enterica, and Pseudomonas aeruginosa, with a MIC of 0.5% to 
2% (v/v). Cinnamon bark essential oil also demonstrated anti-
bacterial activity against antibiotic-resistant strains of 
Escherichia coli with a MIC of 0.009% to 0.078% (v/v) as shown 
by Yap et al4 Besides, Firmino et al13 showed the antibacterial 
activity of cinnamon bark essential oil against Staphylococcus 
aureus, S. epidermis, Streptococcus pyogenes, P. aeruginosa, and  
E. coli have MIC values of 0.25% to 0.5% (v/v) of MIC. In a 
similar study by Liang et al,14 peppermint essential oil is found 
to be effective against Listeria monocytogenes and S. aureus at a 
MIC of 0.5% (v/v). Similarly, Saeed et al15 showed that pep-
permint essential oil is inhibitory against a panel of 
Enterobacteriaceae with a MIC of 10% (v/v). Table 1 summa-
rizes the reported antibacterial activity of essential oil.

Antifungal activity. As with antibacterial activity, the Kirby 
Bauer and broth microdilution assays are usually the methods 
employed. However, the Kirby Bauer assay is the more preferred 
method because fungal species do not grow homogeneously in 
liquid culture, which will interfere with the determination of 
the MIC.16 The following section consolidates a few recent 
cases of essential oils and their antifungal activity.

Hammer et al16 demonstrated the antifungal activities of tea 
tree oil against Candida albicans, C. glabrata, and Saccharomyces 
cerevisiae with MICs ranging between 0.5% and 1% (v/v). 
Recently, Powers et al screened a total of 60 commercially 
available essential oils, such as cinnamon bark essential oil, 
lemon essential oil, peppermint essential oil, and others, against 

Aspergillus niger, C. albicans, and C. neoformans. Based on the 
study, the MIC of essential oils ranged from 0.02% to 1.250% 
(v/v).17 On the other hand, Hu et al18 published the antifungal 
activities of cinnamon bark, peppermint, citronella, anise, pep-
per, and clove essential oil against A. niger, A. oryzae, and A. 
ochraceus with MICs from 0.06% to 0.2% (v/v). Table 1 pre-
sents the reported antifungal activities of some essential oils.

Antiviral activity. Plaque reduction assay is used to determine 
the antiviral activity of essential oil. The plaque reduction assay 
uses a cell culture that serves as the host for the target virus. 
The target virus is first cultured in cells followed by treatment 
with potential antivirals. Plaque-forming units are later deter-
mined to enumerate the minimum amount required to reduce 
plaque-forming units by 100%. The following section consoli-
dates a few recent examples of essential oils and their antiviral 
activity.

Essential oils from ginger, thyme, hyssop, and sandalwood 
have found to be bioactive against herpes simplex virus.19 In 
addition, Brochot et al6 demonstrated that essential oils from 
cinnamon bark, eucalyptus, carrot, and rosemary are effective 
against viral particles of influenza A virus H1N1 and oral her-
pes simplex virus HSV1, in which plaque reduction of more 
than 99% was detected using 1% (v/v) essential oil. Vuko et al20 
also demonstrated the antiviral activity of Micromeria croatica 
essential oil against the cucumber mosaic virus. Table 1 sum-
marizes the reported antiviral activity of essential oils.

Mode of action

Antimicrobial activities of essential oils have been widely 
reported. However, the mode of action of these essential oils is 
still unclear. Traditionally, the mode of action of essential oils was 
inferred mainly based on biochemical assays. Due to technical 
limitations, these assays are generally poor in the identification 
of exact causes or pathways leading to antimicrobial effects. 
Nonetheless, an essential oil is believed to have a structural 
impact on the bacterial membrane and its transport system.

Membrane disruption. Bacterial membrane plays an important 
role in the regulation of cellular osmotic pressure and the influx 
and efflux of biomolecules. Thus, a compromised membrane 
will disrupt osmotic pressure, leading to intracellular leakage 
and eventually destroy the cell. One of the main postulated 
modes of action of essential oil is its ability to disrupt bacterial 
membranes. In their work on the bactericidal effect of tea tree 
oil against E. coli and S. aureus, Cox et al demonstrated that cells 
treated with tea tree oil have higher fluorescence under propid-
ium iodide (PI) staining, and increased intracellular material 
leakage and potassium ion efflux. All of these indicated a poten-
tial disruption of the bacterial membrane.34 It is noteworthy 
that PI stains the genetic materials of the cell membrane of the 
compromised bacterial cells whereas the intracellular material 
leakage and potassium ion efflux assay detect the leakage of 
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intracellular materials, such as genetic materials, proteins, and 
potassium ions, in the event of membrane disruption. Moreover, 
Yap et al11 investigated the antimicrobial activity and mode of 
action of lavender essential oil against antibiotic-resistant E. 
coli. Their study showed that lavender essential oil affects the 
membrane zeta potential of E. coli cells after exposure. Mem-
brane zeta potential reveals the surface charge of the bacterial 
membrane and a change in the value is associated with mem-
brane disruption. Furthermore, the permeability of the cell 
membrane has also increased, as shown in the outer membrane 
permeability assay using sodium dodecyl sulfate (SDS) as a 
membrane-disrupting probe. Their study was validated by the 
microscopic analysis of the E. coli treated with lavender essential 
oil, in which the disruption of cell structure and morphology 
was visualized.11 Consistent with these findings, Zhang et al38 
demonstrated the membrane disruption ability of black pepper 
essential oil against E. coli. The study reported changes in the 
membrane potential of E. coli cells following treatment with 
black pepper essential oil. The intracellular leakage was also 
observed in the cells following treatment with black pepper oil 
and the cell membrane disruption was further validated via 
scanning electron microscopy.38 Subsequently, Yang et al showed 

that cinnamon essential oil has exerted their antimicrobial abil-
ity against multidrug-resistant K. pneumoniae by disrupting 
their bacterial membrane. The membrane disruption was 
assessed by measurement of zeta potential, outer membrane 
permeability and scanning electron microscopy.9

Efflux inhibition. Another postulated mode of action of essen-
tial oil is its ability to inhibit the bacterial efflux system. The 
bacterial efflux system comprises of specialized channel proteins 
located on the bacterial membrane, which are crucial for the 
removal of harmful compounds such as antibiotics from the 
intracellular environment. The efflux system can be divided into 
several categories, ranging from being compound-specific to 
universal pumps that allow bacteria to survive in the presence of 
antimicrobials. Inhibition of the activity of such pumps is of 
great importance in counteracting antibiotic resistance by reviv-
ing the efficacy of antibiotics. A previous study by Chovanová et 
al demonstrated efflux inhibition activity in essential oils 
extracted from three Salvia species against antibiotic-resistant 
Staphylococcus epidermis. Using fluorescent spectrophotometry, 
all three essential oils were found to reduce the efflux activity of 
S. epidermis upon exposure to essential oils.10 The team further 

Table 1. Antimicrobial activity of essential oils.

ESSENTIAL oIL ANTIBACTERIAL ANTIfUNGAL ANTIVIRAL  

Cinnamon bark E. coli
K. pneumoniae
S. aureus
S. epidermis
S. pyogenes
P. aeruginosa

4,9,13 A. niger
C. albicans
C. neoformans

17,18 Influenza A virus H1N1
oral herpes simplex virus HSV1

6

Eucalyptus E. coli
Edwardsiella tarda
Lactococcus garviae
S. iniae
S. parauberis
S. aureus

21-23 Fusarium sp.
Aspergillus sp.
Ulocladium sp.
Coprinellus sp.
Penicillium sp.

24,25 Influenza A virus H1N1
oral herpes simplex virus HSV1

6

Lavender Aeromonas spp
C. freundii
K. pneumoniae
P. mirabilis
P. aeruginosa
S. enterica

5,12 Alternaria alternate
A. fumigatus
C. albicans
Chaetomium globosum
Cladosporium 
cladosporoides
P. chrysogenum

26-28 - -

Peppermint L. monocytogenes
S. aureus
Enterobacteriaceae

15,18 A. niger
A. oryzae
A. ochraceus
C. albicans
C. neoformans

17,18 oral herpes simplex virus HSV1
oral herpes simplex virus HSV2

29

Rosemary E. coli
Enterococcus faecalis
S. aureus

30-32 A. flavus
C. albicans

30,33 Influenza A virus H1 N1
oral herpes simplex virus HSV1

6

Tea tree E. coli
Propionibacterium acnes
S. aureus

16,34,35 C. albicans
C. glabrata
S. cerevisiae
Trichophyton rubrum
T. mentagrophytes

16,36 oral herpes simplex virus HSV1
oral herpes simplex virus HSV2
Influenza A virus H1 N1

8,37

Abbreviation: HSV, herpes simplex virus.
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revealed the increase in antibiotic susceptibility in S. epidermis 
after treatment with essential oil.10 Soyingbe et al3 showed simi-
lar activity of efflux inhibition by eucalyptus essential oil against 
respiratory tract infection bacteria such as K. pneumoniae, S. 
aureus, and Moraxella catarrhalis. The group also assessed the 
efflux inhibition activity using Rhodamine 6G accumulation 
assay, in which the treated cells exhibited increased accumula-
tion of Rhodamine 6G resulting in a faulty bacterial efflux sys-
tem.3 In addition, De Morais Oliveira-Tintino et al also 
reported efflux inhibitory activity of essential oil from Chenopo-
dium ambrosioides L. against drug-resistant S. aureus. The inhib-
itory activity was derived from the combined activity of 
antibiotic essential oil and ethidium bromide.39 Interestingly, 
the essential oil alone showed no antibacterial activity against S. 
aureus, whereas essential oil combined with antibiotics signifi-
cantly reduces the effective dose of antibiotics, resulting in a 
synergistic effect between essential oils and antibiotics.39 
Recently, Espinoza et al40 demonstrated efflux inhibiting activ-
ity of heartwood essential oil in drug-resistant S. aureus with 
NorA multidrug efflux pump. The team performed ethidium 
bromide efflux assay against heartwood essential oil-treated S. 
aureus cells and found that treated cells had reduced efflux activ-
ity of ethidium bromide.40

The Missing Piece: Recent Approaches
The antimicrobial activities of essential oils due to membrane 
disruption and efflux inhibition have been well reported. 
Nevertheless, there is still a lack of knowledge of the underly-
ing mechanism that confers these effects. Recent advances in 
genomic and proteomic methods, such as comparative gene 
expression, microarray, and comparative proteomic analysis, 
may provide the key missing piece to elucidate and explain the 
mode of action of essential oils.

Application of genomics to unravel the mode of 
action of antimicrobial effect in essential oils

The comparative analysis of gene expression between essential 
oil-treated and untreated cells is the main strategy used to 
assess genomic changes in the target pathogens induced by 
essential oils. Myszka et al investigated the ability of thyme 
essential oil to develop anti-quorum sensing and anti-biofilm 
formation against the opportunistic pathogen, P. aeruginosa. 
Their study found reduced quorum sensing and biofilm forma-
tion activity in thyme essential oil-treated P. aeruginosa using 
quorum sensing autoinducer and biofilm formation assay.41 
Further evaluation of flagella-related gene flgA that regulate 
quorum sensing activity showed reduce expression upon expo-
sure to thyme essential oil.41 Kovács et al compared the gene 
expression of peppermint essential oil-treated and untreated 
Campylobacter jejuni using comparative real-time polymerase 
chain reaction (PCR). A panel of genes related to pathogenic 
process, stress response, basic metabolism, and transcription 
regulation were screened and increased expression of oxidative 

stress response genes was found in essential oil-treated C. 
jejuni.42 Lai et al investigated the effect of lavender essential oil 
against E. coli with comparative microarray analysis. Their 
study reported that lavender essential oil affects the phospho-
transferase system and lipopolysaccharide biosynthesis path-
way by upregulating genes involved in the pathway mentioned.43 
These revealed signs of membrane damage as increased expres-
sions of phosphotransferase system and lipopolysaccharide 
biosynthesis genes indicated counter-response in bacterial 
membrane repair.

The application of proteomics to unravel the mode 
of action of antimicrobial effect in essential oils

The proteomic analysis involves an analysis of the proteome 
profile of untreated and essential oil-treated cells to identify 
and quantify differentially expressed proteins signals. Methods 
that allow such a comparison are 2D-SDS PAGE and LC-MS/
MS. Kovács et al used 2D-SDS PAGE coupled with LC-MS/
MS to compare the proteome of untreated and peppermint 
essential oil-treated C. jejuni. Their study showed an increased 
expression of oxidative stress-related proteins such as dps, sodB, 
and katA following treatment with peppermint essential oil.42 
In a similar approach, Barbosa et al investigated the effect of 
oregano essential oil on Salmonella enteritidis. A total of 15 oxi-
dative stress-related proteins (clpB, htpG, luxS, toxic shock pro-
tein, and usp) were upregulated in oregano essential oil-treated 
S. enteritidis cells based on the assay developed using 2D-SDS 
PAGE coupled with LC-MS/MS.44 Yang et al observed simi-
lar oxidative stress induction by comparing the proteome pro-
file of untreated and cinnamon bark essential oil-treated 
clinical-relevant strain of K. pneumoniae cells using nano 
LC-MS/MS. The group has previously performed biochemical 
studies on the mode of action of cinnamon bark essential oil 
against the same clinically relevant strains of K. pneumoniae, 
revealing that essential oil disrupts bacterial membrane using 
zeta potential measurement, outer membrane permeability 
assay, and electron microscopy.9 The follow-up study using 
nano LC-MS/MS showed an increase in the abundance of 
oxidative stress-sensitive proteins such as glycyl radical cofac-
tor, catalase peroxidase and DNA mismatch repair protein, 
which indicates the presence of oxidative stress during cinna-
mon bark essential oil treatment.45 Thus, they postulated that 
cinnamon bark essential oil induces oxidative stress that dis-
rupts the bacterial membrane via lipid peroxidation. In a sepa-
rate study, Yang et al investigated the mode of action of lavender 
essential oil on the proteome of K. pneumoniae. The team per-
formed proteomic profiling between untreated and lavender 
essential oil-treated K. pneumoniae which has revealed an 
increase in the abundance of oxidative stress regulators such as 
NAD(P)H dehydrogenase (quinone) and autonomous glycyl 
radical cofactor while decreasing the abundance of oxidative 
stress-sensitive proteins, suggesting the presence of oxidative 
stress. The proteome profile also showed a drastic decrease in 
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membrane-related proteins (NADH-quinone oxidoreductase 
subunit B, outer membrane protein A and ATP synthase subu-
nit C), and cytoplasmic proteins (mannitol-1-phosphate 
5-dehydrogenase and D-erythrose-4-phosphate dehydroge-
nase), showed signs of membrane disruption.5 Subsequent bio-
chemical assays were carried out to validate the observation 
from the comparative analysis. For instance, scanning electron 
microscopy, zeta potential assay, outer membrane permeability 
assays, and intracellular material leakage assays were carried out 
to show membrane disruption whereas reactive oxygen species 
measurement and lipid peroxidation assays were performed to 
verify the presence of oxidative stress during lavender essential 
oil treatment. The assays mentioned previously revealed that 
lavender essential oil-treated cells have disrupted the bacterial 
membrane and increased reactive oxygen species, as well as 
lipid peroxidation activity. The team concluded that lavender 
essential oil disrupts the bacterial membrane by inducing oxi-
dative stress and causing membrane disruption.5 Both studies 
by Yang et al showed similarities in the mode of action of cin-
namon bark and lavender essential oil in terms of proteomic 
profile, with both essential oil-treated proteomic profiles 
decreasing in membrane-related protein and cytoplasmic pro-
tein while increasing in oxidative stress response proteins. This 
indicated that both essential oils induced oxidative stress, 
which later resulted in lipid peroxidation of the bacterial mem-
brane. Such a process disrupts the bacterial membrane, which 
leads to intracellular leakage and eventually kills the cell. Also, 
the presence of reactive oxygen species damages oxidative 
stress-sensitive materials such as protein and genetic material 
that would also be lethal to the treated cells.

Limitation and Future Strategies in Essential Oil 
Research
Essential oils serve as a good platform for the discovery of 
novel compounds that can be used in clinical settings. 
Nonetheless, the clinical approval milestone for utilization as 
an antimicrobial has not been met. It is mainly due to the com-
plexity of the composition of each essential oil. Essential oils 
consist of a collection of different chemical compounds, rang-
ing from terpenes and terpenoids to aromatic compounds. The 
essential oils of different plants also have a completely different 
composition and do not function the same way. For instance, 
cinnamon bark and lavender essential oil have completely dif-
ferent compositions as determined in previous studies.5,46 
Moreover, the same essential oil harvested from different 
regions can often result in different compositions, resulting in 
inconsistent therapeutic values. Besides, some of these com-
pounds are often toxic in limited quantities and may not be 
completely appropriate for clinical use.

Future research should focus on the identification of novel 
compounds responsible for the mode of action of essential 
oils to minimize toxicity. This includes the assessment of 
antimicrobial efficacy, mode of action for elucidation using 

genomic and proteomic perspective, and biochemical assays. 
Antimicrobial efficacy includes the ability of the compound 
to exhibit antimicrobial activity on its own and the possibility 
that the compound may exhibit synergy with the combina-
tion of existing antibiotics. This will revive previously dor-
mant antibiotics for combination therapy. Besides, a thorough 
toxicity study of potential substances, including human cell 
line toxicity tests and animal studies, should be performed. 
Human clinical trials will finally be feasible.

Furthermore, the delivery of the compound to the target site 
is another possibility of future clinical applications. Specialized 
delivery of nanoparticles to the target site will improve the 
effectiveness while reducing the toxicity of the compound 
itself.47 The analysis by Patra et al48 had consolidated evidence 
of improved therapeutic efficiency via targeted delivery while 
reducing toxicity. Thus, targeted and possibly personalized 
delivery is another future research prospect that can enhance 
the progress of current essential oil research.

To further study the mode of action of essential oils, both pro-
teomic and genomic methodologies can be combined and ana-
lyzed. Proteomic analysis reveals the changes in the proteome 
profile, while genomic analysis reveals changes in the genetic 
transcript of essential oil-treated cells. This helps systems biology 
to understand whether essential oils may alter the gene expression 
that eventually affects protein expression or only the protein 
directly. Specialized software that allows the combinatory analy-
sis of both the microarray and the proteomic profile of essential 
oil-treated cells can also be applied. This would facilitate the 
analysis and comparison of the proteomic and genomic profiles of 
the cells treated with different crude essential oils and the single 
compound-treated profiles from the same oil, thereby facilitating 
the elucidation of the mode of action of the compound.
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